over and on the plateau can be observed and outlined, and lake level controlling factors be identified. 28
Quade, 2013). The Holocene climate optimum period was likely earlier on the western plateau than on 99 the eastern plateau (e.g. Wang et al., 2010; Chen et al., 2015) . 100
For Bangong Co, the largest lake system on the western Tibetan Plateau, Gasse et al. (1996) 101 attributed the Holocene lake level changes mainly to changes of the SW Asian summer monsoon. 102
Correspondingly, highest lake levels were assigned to monsoonal moisture maxima during ~9.5 to 8.7 103 cal. ka B.P. and ~7.2.-6.3 cal. ka B.P. (Fontes et al., 1996; Gasse et al., 1996) . Kong et al. (2007) , 104 however, concluded that even an enhanced SW Asian monsoon during the Early Holocene did not 105 affect the western Tibetan Plateau significantly. Kong et al. (2007) though referred to Sumxi Co (Fig.  106 1), a lake system ca. 120 km north of Bangong Co and thus farther from the northernmost monsoon 107 front. Based on a cosmogenic 10 Be chronology of the palaeo-shorelines, the authors summarized that 108 high lake levels were most likely associated with increased recharge from melting glaciers. 109 Wünnemann et al. (2010) reported for the neighboring Tso Kar (Fig. 1 ) that monsoonal precipitation 110 was at maximum from 11.5 to 8.6 cal. ka B.P. but highest lake levels occurred during the early Middle 111
Holocene due to meltwater increase. In respect of nearby Tso Moriri ( The aim of our study is to infer intra-seasonal hydrological processes on the Tibetan Plateau 118 during the Middle Holocene, using Bangong Co as a model site. Which moisture sources were 119 significant for the lake dynamics? How can we differentiate between monsoonal, westerly-derived or 120 convective precipitation and meltwater? Can we distinguish regional convective from monsoonal 121 rainfall, which both occur during the summer months? A potentially suitable, intra-seasonal 122 environmental archive, which is available across the plateau, are the shells of the aquatic gastropod 123
Radix (Basommatophora, Lymnaeidae). Taft et al. (2012 Taft et al. ( , 2013 The Bangong Co drainage basin spans an area of ca. 31348 km 2 (including the lake surface 144 area). The mountain ranges, which delimit the watershed, exceed 6000 m a.s.l. (Fig. 1) . Cretaceous 145 granodiorites, Cenozoic sandstones and conglomerates, and Late Palaeozoic and Jurassic limestones 146 are widely distributed (Wang and Hu, 2004; Gourbet et al., 2017) . Roughly, two thirds of the total 147 catchment area drain into the easternmost basin, Nyak Co (Fig. 2) . This causes an overspill of Nyak 148
Co to its neighboring basin. Although Bangong Co has been a closed basin since ca. 7 ka when the 149 palaeo-outflow Tangtse, a river valley connecting to the western terminus of the lake system ( other sub-catchments and are compiled in Table 1 (locations 1-3, in Fig. 2) . The Nama Chu and Chiao 168
Ho sub-catchments are in direct neighborhood (Fig. 1) . 169
170

Figure 3 171 172
The Nama Chu valley represents the main study area. Nama Chu represents partly a fluvial 173 system and partly a sequence of ponds (Fig. 3A) . We studied the Nama Chu valley from the river 174 mouth at Nyak Co upwards to a saline pond (~30 psu), ca. 28 km from Nyak Co (Figs. 3A, B) . The 175 morphology of the valley is controlled by tectonics and alluvial, fluvial and periglacial processes. 176
Alluvial fans, particularly from northern tributaries, block the water flow at several sections leading to 177 the formation of ponds ( Fig. 3A; personal observations 2009, 2012). It is likely that during past 178 periods of higher precipitation the general morphology of the fluvio-lacustrine system was similar, 179 based on the assumption that stronger water flow along the Nama Chu was synchronous to stronger 180 lateral alluvial transport into the valley (see Fig. 3A ). Field investigation (2012) of sediments exposed 181 in Nama Chu pond basins (e.g. see Fig. 3B ) demonstrated that permafrost mounds are widely 182 distributed. They were probably formed by uplift of pond mud, the high water content of which 183 became subject to continuous segregated ice formation (Wünnemann et al., 2008) when the mud 184 became exposed during low water levels. 185
At the northern edge of the saline pond (triangle in Fig. 2B , camera symbol in Fig. 3A) , ca. 4-186 5 m above the water level, we found sediments containing fossil shells of aquatic molluscs (Fig. 3C) . 187
This site is located ca. 45 m above the 2012 lake level of Nyak Co and we conclude that Nyak Co 188 could not capture the palaeo-habitat during its Middle Holocene highstand. Consequently, the palaeo-189 habitat in Nama Chu can be considered an independent archive of palaeo-precipitation, meltwater 190 events and other hydrological processes. The data from Nama Chu, however, can be scaled up for the The X-ray dose rate for calcium carbonate was calibrated using a modern coral sample. The coral 282 sample was crushed and sieved between 100-150 µm and divided into two sets. One set of the sample 283 coral was irradiated 75.6 Gy from a 60 Co gamma source at the Technical University of Denmark. The 284
CO2
-signal (g =2.0006) from the coral from 3 aliquots of gamma irradiated coral (40 mg) were 285 measured with ESR using the same condition as the shell after preheating at 120°C for 2 minutes. 286
From the unirradiated set 3 aliquots were made and the same signal was measured after X-ray 287 irradiations for 60s and 120s and preheat at 120°C for 2 minutes. The ESR intensity of the gamma 288 irradiation coral was compared with the X-ray dose response curve. The gamma dose of 75.2 Gy is 289 equivalent to 90s X-ray irradiation ( 130°C are consistent with each other. Therefore, a preheat at 120°C was chosen and 3 more aliquots 303
were measured. The mean De value from the 4 aliquots was calculated to 29.5 ± 1.1 Gy ( 
307
The external dose rate of the Radix shell was estimated using gamma spectrometry. About 5g sediment 308 sample surrounding the shells was sealed within a plastic cylinder about a month to ensure equilibrium 309 between 226 Ra and 222 Rn. The gamma rays from the sample were then measured using a Well-type 310 high resolution gamma spectrometer. The results are summarized in 
Sediment processing and assignment and documentation of molluscan shells 323 324
The sediment samples were washed and sieved using mesh sizes of 1, 0.5, 0.25 and 0.1 mm. The 325 sieved residue was visually analyzed using a Zeiss stereo microscope SV8. Shells of gastropods and 326 bivalves were picked for palaeo-environmental reconstruction and tiny pieces of charcoal were 327 separated for radiocarbon dating. Some shells were photographed using a Keyence VHX-1000 328 microscope (e.g. subsequently any residual sediment particles were removed manually with a small brush. Sub-336 sampling was conducted using a special dental drill device for milling the outer primary shell layer in 337 a constant distance along the ontogenetic order of the shell increments with a maximum depth of 50 338 µm. Up to 38 sub-samples were obtained from a single shell (Table 5) 7393 ± 114 cal. years B.P. The radiocarbon age of the Nama Chu sediment horizon is therefore 363 considered ~7.4 ± 0.1 cal. ka B.P., which is early Middle Holocene. The data are compiled in Table 2 . 364 365 The internal U content of the fossil Radix sample from Nama Chu was not measured. The U content of 370 modern Radix shells from Bangong Co was measured and the mean value is 0.05 ± 0.01 (n = 6; 371
Wassermann, 2014). However, it is well known that shells take up U from surroundings (e.g. Grün, 372 1989). Schellmann et al. (2008) reported a mean U content of Holocene shells (> 2.5 ka) to be 2.8 ± 373 2.7 ppm (n = 63). Assuming this mean U content as the current U content of the shells, we calculated 374 the age by two scenarios: U content increased linearly with time (linear uptake, LU) or the uptake 375 occurred at an early stage of the burial time (early uptake, EU). The calculated ages are 8.1 ± 1.0 ka 376 (LU) and 7.4 ± 1 ka (EU) respectively (Table 3) . 377 378 The sandy to fine-gravelly deposits sampled at a Nama Chu pond palaeo-shoreline (Fig. 3) exhibited  383 shells from four molluscan genera (Fig. 3C) . Shells of the aquatic gastropods Radix sp. and Gyraulus 384 sp. were fairly abundant. In comparison, shells of the bivalve Pisidium sp. occurred less frequently and 385 from the gastropod Valvata sp. only single shells were found. The ecological traits of these genera, 386
which provide information about the palaeoenvironment, are compiled in Table 4 . 387 388 Prior to sub-sampling (micro-milling), the selected five shells, termed NC1-5, were measured in height 393 and the number of whorls were counted. These data and the individual number of sub-samples are 394 compiled in Table 5 . As an example, the shell NC2 is figured (Fig. 5) . 395 Two dating methods were applied; radiocarbon, which produced an age for the Nama Chu shells of 417 ~7.4 ± 0.1 cal. ka B.P., and electron spin resonance, which gave an age of 8.1 ± 1 ka (LU model) and 418 Clim hand it could be due to higher detrial input of Jurassic limestone by the Makha River (Fig. 2) , which is 423 draining the southern catchment of Nyak Co. The EU-model-ESR age of 7.4 ± 1 ka is very similar to 424 the radiocarbon age of 7.4 ± 0.1 ka. We thus tentatively consider an approximate age of ~7.5 ka to 425 address the palaeo-habitat and are confident to report early Middle Holocene processes. Although the 426 five shells used for stable isotope analyses came from a single few cm thick sediment layer, we 427 assume that they rather reflect a multi-decadal period, and thus represent environmental archives of 428 five different years. This assumption is supported by the sclerochronological stable isotope patterns 429 ( The fossil assemblage indicates a shallow littoral environment (Table 4) . This is in line with the 434 observation that the sediments were deposited along a palaeo-shore. We therefore use the palaeo-435 shoreline as contemporary water level (Fig. 2C) . Considering the reconstruction of Dortch et al. (2011) 436 that the Early to Middle Holocene lake level of Nyak Co was ca. 10 m higher than nowadays, the 437 difference to the level of the Nama Chu pond was ca. 35 m. When the pond was filled up to the 438 palaeo-shoreline, it was approximately 5-6 m deep and interconnected with the neighboring ponds 439 (Fig. 2C) . The short-term grain size changes, e.g. from fine sand to fine gravel, show that there were 440 significant hydrological changes, but generally it can be assumed that it was a lacustrine to semi-441 lacustrine habitat. Salinity was in the range of freshwater to oligohaline (Table 4) , and it can be assumed that the surface of the Nama Chu palaeo-pond was frozen 535 for a similar period although possibly with a seasonal lag of some weeks due to the lower water depth. 536
The ice cover period may have been shorter during the early Middle Holocene. Ice cover prevents 537 exchange between atmosphere and pond water, and potential changes in isotope composition must be 538 intrinsic. Consequently, variation of oxygen isotope values is considered to be low during ice cover 539 conditions, carbon isotope values, however, decrease due to reduced productivity under lower light 540 penetration and lower temperatures. Evaporation is effective from approximately May to October and 541 leads to heavier isotope values but is potentially superimposed by meltwater inflow and rainfall. The 542 effect of evaporation can be seen best regarding the dry period after summer rainfall until the 543 beginning of ice cover (Taft et al., 2013) . The mean isotope values of the shells (Table 6) much slower in winter than in summer (Gaten, 1986) . Data from modern Radix shells indicate that 557 growth was ca. three times slower during the ice cover period compared to the average ice-free period 558
Clim we consider the pattern of monsoonal moisture penetration into the area (Fig. 6) . Holocene the monsoonal moisture did not penetrate much further onto the plateau than nowadays, 643 with the difference, rainfall events/periods happened more regularly and were stronger. Two shell 644 patterns (NC1, NC4) indicate convective rainfall, which we consider stronger or more extended than 645 those observed in modern times. This can be explained by higher summer insolation (Berger and 646 Loutre, 1991), moister soils due to monsoonal precipitation and much more extended lake surfaces 647 sampled not far from the mouth of the Makha River (Fig. 2) , which is draining meltwater (personal 664 observation FR, 2012). Based on our data, we suggest that the westerly influence during ~7.5 ka 665 winters was similar to modern times. 666
The ice cover period during ~7.5 ka was recorded by all shells. The data, however, do not 667 allow to infer whether the length of the ice cover period differed from the modern situation. This is 668 The influence of biogenic methane production on δ 13 C is likely, due to the high mean values in 671 the context of methane bubbling observation. On the other hand, specific positive excursions during 672 the ice cover period, cannot easily be explained by primary producers' productivity pulses. We 673 consider the influence of methane production on the δ 13 C of certain ponds or lakes underestimated. 674 675
Conclusions 676 677
The sclerochronological isotope patterns of early Middle Holocene Radix shells are suitable to report 678 hydrological processes from the western Tibetan Plateau in ca. weekly (summer) to sub-monthly 679 (winter) resolution over the lifespan of the gastropod, which is about one year. 680
We infer from our data that i) monsoonal rainfall reached the area more regularly and in 681 higher amounts than nowadays; ii) monsoonal rainfall did not prevail over the whole summer season 682 but penetrated the western Tibetan Plateau as extended moisture pulses; iii) the northern boundary of 683 the SW Asian summer monsoon was in a similar position as in modern times but the monsoonal 684 system was more dynamic; iv) significant convective rainfall occurred and can be clearly distinguished 685 from monsoonal precipitation with the aid of stable isotope patterns; significant convective rainfall is 686 due to higher summer insolation (evaporation), higher soil moisture (by monsoonal penetration) and 687 much larger lake surface areas during ~7.5 ka; v) isotopic signals of monsoonal and regional 688 convective precipitation can be clearly differentiated from meltwater signals in the records; vi) in the 689 study area, the meltwater amount correlates with westerly-derived winter snowfall amount; the 690 snowfall amount during the early Middle Holocene was probably similar to modern times; vii) 691 biogenic methane production could likely be identified in the isotope patterns and is possibly 692 underestimated in lake systems. sample from the outer rim of the aperture and thus the latest/youngest shell in ontogeny. The last 1180 letters are mostly combined with numbers and vary due to the different sizes of the shells and 1181 corresponding differences in maximum sub-sample numbers and represent the earliest (embryonic) 1182 and thus oldest shell in ontogeny (z12, z8, z3, z4, u). Data are presented in individual graphs in Fig. 6 
